Background: Pregnenolone sulfate (PREGS) is a promnesic neurosteroid that is abundantly expressed in the hippocampus of rodents. Studies have shown that the modulation of postsynaptic ligand-gated ion channels by this neurosteroid is impaired in preparations from the brains of fetal ethanol-exposed animals. In this study, we examined whether the presynaptic actions of PREGS also are affected by exposure to ethanol in utero.
N
EUROSTEROIDS ARE PRODUCED by glial and neuronal cells of the peripheral and central nervous systems, independently of adrenal glands and gonads (reviewed in Baulieu et al., 2001) . A particularly abundant neurosteroid in the rodent brain is pregnenolone sulfate (PREGS). Under basal conditions, levels of PREGS in rodent hippocampal homogenates range between 7 and 14 ng/g of tissue (Baulieu, 1998; Kimoto et al., 2001; Liere et al., 2000; Vallee et al., 1997; Wang et al., 1997) . Although synaptic concentrations of PREGS are unknown, they are presumed to be in the micromolar range (Kimoto et al., 2001) . PREGS is derived from pregnenolone, which is synthesized from cholesterol by the enzyme p450scc and subsequently sulfated by a sulfotransferase (Mellon and Vaudry, 2001) . Although the physiologic role of endogenous PREGS in the brain has yet to be determined, behavioral studies suggest that it increases memory (Vallee et al., 2001) . For example, intracerebroventricular injections of PREGS (3-6 days pretraining) increased the performance of mice in the Y-maze arm discrimination test (Ladurelle et al., 2000) . Posttraining intraparenchymal injections of PREGS into the hippocampus and amygdala improved the performance of mice in a T-maze active avoidance task (Flood et al., 1995) . Importantly, Vallee et al. (1997) found a correlation between memory deficits in aged rats and low levels of hippocampal PREGS. Consequently, this neurosteroid is likely to be an endogenous modulator of learning and memory processes in rodents.
Studies suggest that the mechanism by which PREGS exerts promnesic effects could involve interactions with a number of neurotransmitter systems. Microdialysis studies showed that intracerebroventricular injection of PREGS increases acetylcholine levels in the rat hippocampus (Darnaudery et al., 2000; Vallee et al., 1997) . At the postsynap-tic level, PREGS potentiates N-methyl-D-aspartate (NMDA) receptors (Bowlby, 1993; Costa et al., 2000a; Irwin et al., 1992; Park-Chung et al., 1997; Wu et al., 1991) and also inhibits type A ␥-aminobutyric acid (GABA A ) receptors (Lambert et al., 1996) . At the presynaptic level, it decreases spontaneous GABA release in cultured hippocampal neurons (Teschemacher et al., 1997) . Moreover, we recently reported that PREGS increases the probability of glutamate release in cultured hippocampal neurons (Meyer et al., 2002) and enhances paired-pulse facilitation in hippocampal slices from adult rats (Partridge and Valenzuela, 2001 ). Together, the results of these studies indicate that PREGS has the pharmacological profile of an excitatory neurosteroid, which could explain the memoryenhancing properties of this compound.
The effects of fetal ethanol (EtOH) exposure on the sensitivity to the modulatory actions of neurosteroids have been the focus of recent research interest because alterations in the actions of these compounds may contribute to the deficits in learning and memory processes and stress responses that are produced by prenatal EtOH exposure. Indeed, a number of studies have found reductions in the sensitivity to the actions of PREGS in animals prenatally exposed to chronic EtOH. Zimmerberg and McDonald (1996) reported that chronic prenatal EtOH exposure decreases modulation by PREGS of stress responses induced by maternal separation in postnatal day (P)-7 rat pups. Allan et al. (1998) demonstrated that PREGS inhibits GABA A receptor-mediated 36 Cl Ϫ flux to a lesser extent in cerebral cortical microsacs from 5-month-old female offspring that were exposed to an EtOH-containing liquid diet throughout gestation. Moreover, we found that exposure to this liquid diet decreases the sensitivity of postsynaptic NMDA receptors to PREGS in cultured hippocampal neurons from P3 and P4 offspring (Costa et al., 2000a) . However, whether fetal EtOH exposure also affects the presynaptic actions of PREGS remains an open question. In the present study, we mainly examined this question and also studied whether fetal EtOH exposure affects glutamate release in neurons from immature and mature rats.
METHODS

Chemicals
Tetrodotoxin was obtained from Alexis Biochemicals (San Diego, CA); PREGS was obtained from Steraloids (Newport, RI); PREGS was dissolved in DMSO before dilution into external solution, and equal volumes of DMSO were added to control external solutions. DMSO concentrations never exceeded 0.05%. Ethanol was from AAPER Chemical Co. (Shelbyville, KY). All other chemicals were from Sigma-Aldrich or Fluka (St. Louis, MO).
Chronic Prenatal Ethanol Exposure Paradigm
Animal procedures were approved by the Institutional Animal Care and Use Committee of the University of New Mexico Health Sciences Center and conformed with National Institutes of Health guidelines. Details of the breeding colony procedures have been described previously (Allan et al., 1998) . Five-month-old Sprague Dawley® rat dams (Harlan Industries, Indianapolis, IN) were individually housed in plastic cages in a temperature-controlled room (22°C) on a 16 hr dark/8 hr light schedule (lights off from 5:30 PM to 9:30 AM). Beginning on day 1 of gestation, rat dams were assigned to one of the three diet groups. Two of the three diets consisted of a liquid diet based on the Lieber-DeCarli formulation (Lieber and DeCarli, 1982) , which provides 1 kcal/ml (BioServ, Frenchtown, NJ). These groups received 110 ml of liquid diet at 5:30 PM each day. The feeding tubes were removed 16 hr later (at 9:30 AM on the next morning). The fetal EtOH-exposed group received a liquid diet containing no EtOH for the first 2 days of gestation for adjustment to the liquid diet. The animals in this group then were given 110 ml of a liquid diet containing 2% (v/v) EtOH during gestational days 3 to 4, 3% (v/v) for the next 2 days, and thereafter 5% (v/v) EtOH (26% EtOH-derived calories) until they gave birth. In a separate set of rat dams, we determined that this diet produces blood alcohol levels of 80.1 Ϯ 6.1 mg/dl (n ϭ 12), in agreement with previous reports (Allan et al., 1998) . Blood samples were drawn 6 to 7 hrs after the introduction of the feeding tubes. The other liquid diet group, serving as pair-fed control, was given a 0% EtOH liquid diet (isocalorically equivalent to the 5% EtOH diet) each day throughout the gestation; pair-fed rats and fetal EtOH-exposed rat dams consumed an average of 84 Ϯ 3 kcal and 85 Ϯ 3 kcal, respectively (n ϭ 69). A third diet group had continuous access to Purina breeder block chow and water ad libitum and served as control for the paired feeding technique. At birth, all litters were weighed, counted, and culled to a final number of 10 pups/litter. There were no significant differences in litter size or pup birth weight among the three diet groups (data not shown).
Patch-Clamp Electrophysiological Recordings From Cultured Hippocampal Neurons
Cultures were prepared from a mixture of hippocampi obtained from 3-to 4-day-old female and male rats, as described elsewhere (Costa et al., 2000b) . Cells were used for experiments after 8 to 12 days in culture. Whole-cell patch-clamp experiments from cultured hippocampal neurons were performed by using instrumentation and software previously described (Costa et al., 2000a) , with the exception that miniature excitatory postsynaptic currents (mEPSCs) were first recorded on digital audiotape and then digitized by using a Digidata 1200 interface and pClamp 7 software (Axon Laboratories, Foster City, CA). Miniature EPSCs were analyzed by using the Mini Analysis Program from Synaptosoft (Decatur, GA). We recorded from pyramidal-like neurons that had large somas and well-defined dendritic processes. Neurons were clamped at Ϫ70 mV. The external solution contained (in mM) NaCl 130, KCl 5, CaCl 2 2, MgCl 2 1, HEPES 10, glucose 11, and bicuculline methiodide 0.02 (pH 7.4,~320 mOsm). It also contained 600 nM tetrodotoxin. The internal solution contained (in mM) CsCl 5, CsCH 3 SO 3 140, ethylene glycol tetraacetic acid 10, HEPES 10, pH 7.4,~300 mOsm. Patch pipette electrodes had resistances ranging from 3 to 7 M⍀. Under these recording conditions, we have shown that mEPSC are abolished by 6-nitro-7-cyanoquinoxaline-2,3-dione (CNQX), indicating that these are mediated by AMPA receptors (Meyer et al., 2002) .
Sharp-Electrode Intracellular Recordings From Hippocampal Slices
Male offspring from the three diet groups (1-2 months old) were anesthetized with ketamine (250 mg/kg). Brains were rapidly removed and submerged in ice-cold artificial cerebrospinal fluid (ACSF) containing (mM) 124 NaCl, 5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 1.3 MgSO 4 , 2.5 CaCl 2 , 10 dextrose, bubbled with 95% O 2 /5% CO 2 . Transverse brain slices (400 m) were prepared with a vibratome (Pelco 1000; TPI, St. Louis, MO) and then transferred to a chamber with ACSF at room temperature. In some cases, slices were cut and incubated in a high Mg 2ϩ (10 mM) low Ca 2ϩ (0.5 mM) ACSF to increase the number of viable neurons. For intracellular recording, slices were maintained in a submerged brain slice chamber with a bath volume of 3 ml at 34°C and a constant flow of warmed, humidified 95% O 2 /5% CO 2 bubbled ACSF over the surface at a flow rate of 1 ml/min. Drugs were applied through a rapid exchange system, which allowed complete exchange of the bath in less than 1 min. Bipolar stimulating electrodes were placed in the Schaffer collateral/ commissural pathway, and the stimulus intensity was set to obtain the largest subthreshold excitatory postsynaptic currents (EPSP). Intracellular recordings from CA1 pyramidal neurons were made by using 80 to 100 M⍀ glass microelectrodes filled with 4 M KAc attached to an Axoclamp 2A amplifier (Axon Instruments, Union City, CA). pCLAMP6 software (Axon Instruments) was used for experimental control and data analysis. Recordings of NMDA receptor EPSPs were obtained in ACSF without Mg 2ϩ containing 20 M bicuculline methiodide and 10 M CNQX, as we previously described (Partridge and Valenzuela, 2001) . Neurosteroid responses were recorded in this solution with 100 M PREGS added. Percent paired-pulse facilitation (PPF) was calculated as 100 ϫ (EPSP 2 Ϫ EPSP 1 )/EPSP 1 , where EPSP 1 and EPSP 2 are the amplitudes of the responses to the first and second presynaptic stimuli.
Statistical Analysis.
The effects of PREGS were quantified with respect to the average of control and washout responses; that is, each cell was its own control. The Kolmogorov-Smirnov test was used initially to test for significant differences between treatments in individual cells and to determine if data followed a Gaussian distribution. Statistical comparison of pooled data was performed by one-way and two-way ANOVAs. In all cases, a p Ͻ 0.05 was considered to indicate statistical significance. Statistical analyses were performed with Mini Analysis Program or Prism 3.02 (GraphPad, San Diego, CA). Data are presented as mean Ϯ SEM in all cases.
RESULTS
We initially characterized the frequency and amplitude of AMPA receptor-dependent mEPSCs in cultured hippocampal neurons from the offspring (P3-P4) of rat dams belonging to each of the three diet groups and found no statistically significant differences. Basal mEPSC frequencies were 0.8 Ϯ 0.1 (n ϭ 27), 1.1 Ϯ 0.2 (n ϭ 16), and 1.2 Ϯ 0.3 (n ϭ 27) Hz for the ad libitum, pair-fed, and fetal EtOH groups, respectively. Basal mEPSC amplitudes were 17 Ϯ 1.8 (n ϭ 27), 15 Ϯ 1.4 (n ϭ 16), and 17 Ϯ 2.2 (n ϭ 27) pA for the ad libitum, pair-fed, and fetal EtOH groups, respectively.
We recently discovered that PREGS enhances mEPSC frequency but not amplitude via a presynaptic mechanism of action (Meyer et al., 2002) . Therefore, we studied whether chronic prenatal EtOH exposure affected this action of PREGS. As expected, PREGS induced a robust dose-dependent increase in mEPSC frequency (Fig. 1) without affecting mEPSC amplitude (summary data not shown but see traces in Fig. 1 for an example; Meyer et al., 2002) . However, chronic prenatal EtOH exposure did not significantly affect sensitivity to this presynaptic action of PREGS (Fig. 1) .
We next examined the effects of fetal EtOH exposure on PPF, both under basal conditions and in the presence of PREGS. These studies were performed in CA1 pyramidal neurons in hippocampal slices from the 1-to 2-month-old male offspring of rat dams belonging to the three diet groups. PPF is a presynaptic form of synaptic plasticity in which the second of two closely spaced evoked synaptic potentials (interpulse interval ϭ 20 -300 msec) is enhanced with respect to the first event (Thomson, 2000) . This facilitation is in part due to the presence of elevated residual Ca 2ϩ levels in the presynaptic terminal at the time the second synaptic event is evoked (Thomson, 2000) . We found that basal PPF (i.e., in the absence of PREGS) is unaffected by chronic prenatal EtOH exposure ( Fig. 2A  and 2B) . Moreover, Fig. 2A and 2C shows that the time integral of EPSP 1 also is unaltered by this exposure. We have previously demonstrated that PREGS increases PPF of NMDA receptor responses in CA1 pyramidal neurons (Partridge and Valenzuela, 2001) . As shown in Fig. 2A and 2D, chronic prenatal EtOH exposure did not affect the PREGS-induced potentiation of PPF. Thus, the presynaptic actions of this neurosteroid in mature neurons are unaffected by fetal EtOH exposure.
DISCUSSION
Our finding that basal mEPSC frequency is not significantly different among neurons from the three diet groups indicates that the basal probability of glutamate release is not affected by chronic prenatal EtOH exposure. Moreover, studies have shown that PPF is inversely proportional to the probability of neurotransmitter release (Thomson, 2000) . Therefore, the lack of an effect of fetal EtOH exposure on PPF in mature neurons suggests that fetal EtOH exposure does not produce long-lasting alterations in the probability of glutamate release in CA1 hippocampal pyramidal neurons. For example, if fetal EtOH exposure had decreased the probability of glutamate release, we would have expected to observe a decrease in the time integral of EPSP 1 and an increase in PPF. Our results are in agreement with those of Savage et al. (1998 Savage et al. ( , 2002 (Savage et al., , 2002 . This deficit in activitydependent enhancement of glutamate release may contribute to alterations in learning and memory exhibited by fetal EtOH-exposed rats (Savage et al., 2002) .
We previously reported that postsynaptic NMDA receptors in cultured hippocampal neurons from neonatal rats chronically exposed to EtOH in utero have lower sensitivity to the potentiating actions of PREGS (Costa et al., 2000a) . In this study, we intended to determine if this effect persisted into adulthood. Unfortunately, we were unable to detect modulatory actions of PREGS on postsynaptic NMDA receptors in hippocampal slices from adult offspring. This finding suggests that sensitivity of NMDA receptors to PREGS is developmentally regulated. We therefore decided to study whether chronic prenatal EtOH exposure also affected the novel presynaptic actions of PREGS that we recently demonstrated in both immature and mature neurons (Meyer et al., 2002; Partridge and Valenzuela, 2001 ). We found no significant differences in the PREGS-induced potentiation of mEPSC frequency or PPF in neurons from the three diet groups. We recently demonstrated that the PREGS-induced increase in mEPSC frequency depends on an elevation in [Ca 2ϩ ] i at glutamatergic presynaptic terminals and that this elevation is secondary to the activation of G i/o -coupled 1 -like metabotropic receptors (Meyer et al., 2002) . Therefore, our results suggest that that chronic prenatal EtOH exposure does not have an overall effect on the components of this PREGStriggered presynaptic signal transduction cascade.
CONCLUSION
We found that chronic prenatal EtOH exposure does not cause short-or long-lasting alterations in the probability of glutamate release in hippocampal neurons. Moreover, we found that it does not affect the presynaptic actions of PREGS in immature or mature neurons. We therefore believe that future studies are warranted to determine whether the promnesic actions of this neurosteroid can ameliorate learning and memory deficits in fetal EtOHexposed animals. Additional studies also will be required to determine if fetal EtOH exposure affects other modulatory actions of PREGS. 
